RNA G-Quadruplexes (G4) have been shown to possess many biological functions, including the regulation of microRNA (miRNA) biogenesis and function. However, their impact on pri-miRNA processing remains unknown. We identified G4 located near the Drosha cleavage site in three distinct pri-miRNAs: pri-mir200c, pri-mir451a, and pri-mir497. The folding of the potential G4 motifs was determined in solution. Subsequently, mutations disrupting G4 folding led to important changes in the mature miRNAs levels in cells. Moreover, using small antisense oligonucleotides binding to the pri-miRNA, it was possible to modulate, either positively or negatively, the mature miRNA levels. Together, these data demonstrate that G4 motifs could contribute to the regulation of pri-mRNA processing, a novel role for G4. Considering that bio-informatics screening indicates that between 9% and 50% of all pri-miRNAs contain a putative G4, these structures possess interesting potential as future therapeutic targets.
Introduction
MicroRNAs (miRNA) are small (%22 nucleotides; nt), noncoding RNAs which regulate their target genes' expression [1] . In mammals, miRNA usually bind to their target mRNA with imperfect base pairing in the 3 0 UTR region, but perfect base pairing is thought to be primordial in the seed region of the miRNA, that is to say in nucleotide positions 2 to 8 2 . miRNA binding generally leads to an accelerated decay and/or translational repression of the target mRNA [3] . Since miRNAs bind with imperfect complementarity, one miRNA can regulate dozens or even hundreds of different targets. miRNAs are thus master regulators, therefore their expression and maturation is a highly regulated multi-step process [4] . Briefly, in what is called the canonical miRNA processing pathway, the miRNA genes are initially transcribed as primary miRNA transcripts (pri-miRNA) by RNA polymerase II. The pri-miRNA contains a local hairpin structure in which the mature miRNA is embedded. In the nucleus, the hairpin is recognized and cleaved by the microprocessor complex, which consist of Drosha, Dgcr8, and many other variable proteins which depend both on the miRNA's identity and the cell's status [5] [6] [7] [8] . Several hairpin's structural and primary sequences features were shown to improve pri-miRNA processing. This includes a stem size of %36 § 3-nt,loop length between 3 and 23 nt, bulges position within the stem, an upstream UG motif, UGU/UGUG loop motif, and downstream of the CNNC motif [9] [10] [11] , The resulting product is an %60-nts long hairpin called the precursor miRNA (pre-miRNA). The pre-miRNA is then exported to the cytoplasm by the Exp5 exportin protein. In the cytoplasm, the pre-miRNA is recognized and cleaved by the Dicer exonuclease, liberating a small RNA duplex. One of the two strands of the duplex is loaded onto the AGO2 protein, and thus becomes the mature miRNA, while the other strand is degraded [4] . An imbalance in miRNA expression and/or processing levels can lead to various phenotypes, including health problems such as cardiovascular diseases [12] , neurodegenerative diseases [13] , and cancer [14] . Consequently, miRNA are considered important therapeutic targets [15, 16] .
G-quadruplexes (G4) are non-canonical structures adopted by guanine-rich DNA or RNA sequences [17] . Recently, structure-specific antibodies were used to observe the formation of both DNA and RNA G4 in cells [18, 19] . RNA G4 are more likely to fold than are their DNA counterparts as RNA lacks a complementary strand and intramolecular G4 base-pairing is therefore favoured. They also tend to be more stable and to display less topological diversity. Several biological functions for RNA G4 have been reported [20] , including roles in translational repression, RNA splicing, mRNA polyadenylation, and mRNA localization.
Recently, G4 were also linked to miRNA processing and function. Our lab and others have shown that the presence of a G4 at or near the miRNA binding site can influence the target's accessibility [21, 22] . Another study showed that a mature miRNA sequence can fold into a G-quadruplex, and that the addition of stabilizing ligand prevents the miRNA from binding to its target [23] . Furthermore, G4 presence within the premiRNA was shown to compete with hairpin formation and to thereby inhibit Dicer processing [24, 25] . However, the potential influence of G4 on pri-miRNA remains an as yet largely unaddressed question.
We noticed that mir200c, mir451a and mir497, three known tumor suppressor miRNAs [26] [27] [28] , all have a guanine rich sequence within their respective pri-miRNAs. We hypothesised that these sequences could potentially fold into a G4 and that these could regulate the pri-miRNA processing. G4 folding was confirmed by Reverse Transcription Stalling (RTS) assays. Overexpression of both wild type and G/A mutant pri-miRNAs showed that the G4 presence in the miRNA can have a major effect on the mature miRNA levels. Furthermore, by specifically targeting these G4 motifs with small antisense oligonucleotides (ASO) we were able to modulate the mature miRNA levels, thus unveiling a new potential therapeutic approach.
Results mir200c, mir451a and mir497 all possess a G4 in their pri-miRNA
We noticed that mir200c, mir451a, and mir497 possess a guanine rich sequence in their respective pri-miRNA. Initially we tested if these potential G4 can actually fold and if so can regulate pri-miRNA processing. The structure of each pri-miRNA was predicted using the RNAfold webserver [29] , and the results are displayed in Fig. 1 .
In order to see if the putative RNA G4 actually fold, several methods are routinely performed, including circular dichroism (CD), RTS, as well as in-line probing. CD spectrometry does not appear suitable because we expected that the competition between hairpin and G4 formation would produce confounding results. Specifically, duplex RNA and parallel G4 have similar CD spectra with positive peak around 260 nm and negative peak around. 240 nm 30, 31 . Instead, RTS assays were performed. This assay is based on the stalling of a reverse transcriptase upon encountering a stable G4 structure, thus leading to shorter cDNA. Briefly, the three pri-miRNAs were in vitro transcribed using recombinant T7 polymerase. A G/A mutant, in which either one, or a few guanines were substituted to adenine in order to abolish G4 formation, was also transcribed for each pri-miRNA. RTS assays were performed with radiolabelled DNA primers in the presence of either 100 mM LiCl, or KCl, as well as either 1 mM cPDS or PhenDC3. Li + is a negative control, as this ion does not support G4 formation the way K + does. cPDS and PhenDC3 are both known G4 stabilising ligands [20] . The results are shown in Fig. 2 . For both promir451a and pri-mir497, stalling was observed only in the presence of PhenDC3, indicating that the G4 is stable enough to cause an RTS only in the presence of this ligand. For primir200c, stalling was observed in the presence of both cPDS and PhenDC3, though it was more pronounced with PhenDC3. Surprisingly, weaker stalling was also observed in the G/A mutant, indicating that PhenDC3 can induce the folding of an alternative, less stable, G4 structure in this mutant.
To further confirm the formation of the G4 structure, a different assay, in-line probing, was also performed (Fig. S1 ). This technique is based on RNA's ability to self-cleave spontaneously when incubated with magnesium. The more flexible a given nucleotide is, the greater the amount of cleavage that can be detected at that particular position by denaturing polyacrylamide gel electrophoresis. The folding of a G4 structure confers added flexibility to both the loop nucleotides and to the nucleotides adjacent to the G tracts, thus rendering this stretch of nucleotides more susceptible to in-line attack. Therefore, by comparing the cleavage pattern obtained under conditions unfavourable to G4 folding, such as in the presence of Li + , with that obtained under conditions favourable to G4 folding, for example in the presence of either K + or PhenDC3, one can assess G4 formation. Again, the results indicated that the G4 is folded only in the presence of PhenDC3. This is probably due to the fact that two of the three G4, mir451a and mir497, are composed of only two G-quartets, and are therefore expected to be less stable than the regular three quartets G4 that are more frequently characterised. Furthermore, the folding of the G4 has to compete with the folding of the pre-miRNA hairpin, thus reducing the percentage of molecules adopting the G4 structure. This might be a characteristic of the G4 motifs retrieved in the pri-microRNA (see the Discussion section). Nevertheless, we thought that even if the G4 were not very Figure 2 . RTS assays. C is for ddCTP. The guanines involved in the G4 folding are boxed in black.
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G4 impact on mature miRNA levels
In order to assess the G4 impact on pri-miRNA processing, the pEZY miExpress TM Precursor miRNA Expression plasmids (GeneCopoeia) were used. Partial pri-miRNAs containing the whole hairpin structure and its flanking sequences were inserted into the 3 0 UTR of a GFP gene under the control of a strong CMV promoter. Both wild-type and G/A mutant primiRNAs were overexpressed in HEK 293 cells, and the mature miRNA levels were then measured by qPCR (Fig. 3A) . A control plasmid, which does not overexpress any miRNA, was also used. For mir451a, the G/A mutation led to a 1.5 fold increase in mature miRNA. For both mir200c and mir497, the G/A mutation led to 3 and 7.5 fold decreases respectively, in mature miRNA. These results indicate that, depending on the context, G4 can have either a positive or negative effect on pri-miRNA processing.
In order to see if these effects are due to the disruption of the G4 folding, and not just to a destabilisation of the pri-miRNA hairpin structure, a compensatory mutation was introduced on the strand opposite to the guanine mutated in the G/A mutant in pri-mir497 (see Fig. 1 ). Two new mutants were generated, one with a wild type G4-C/U mutant (where the G4 is not disrupted, but the hairpin might be) and a G/A-C/U mutant (where the G4 is disrupted but he hairpin is restored). These two new mutants were compared to the previous two constructions, namely wildtype-wildtype and G/A-wildtype (Fig. 3B) . Strikingly, the wildtype-wildtype and wildtype-C/U had similar high levels of mature miRNA and the G/A-wildtype and G/A-C/U had similar low levels of mature miRNA. Clearly, this indicates that the low levels of miRNA are caused by the disruption of the G4, and not by the disruption of the hairpin.
Targeting the pri-miRNAs G4 to alter mature miRNA levels
In the previous experiment, following the G4 motif mutation, we observed a decrease in mature miRNA levels for both mir200 and mir497. We then hypothesized that the stabilisation of the G4 structure could have the opposite effect of increasing the mature miRNA levels for these two candidates. Since these are considered tumour suppressors that are down regulated in many cancers, the targeting of the G4 in order to increase their expression might have good therapeutic potential. Since PhenDC3 increased G4 stability in the in vitro assays (see Fig. 2 and Fig.  S1 ), we treated HEK 293 cells with this ligand while overexpressing pri-mir497 (Fig. S2) . Unfortunately, addition of PhenDC3 did not significantly change the mature miRNA levels. We have shown previously that ASO can be used to specifically target a single G4 32 . Depending on the ASO binding site, G4 folding can be either inhibited (by targeting the guanines involved in the G4 folding), or enhanced (by targeting the competing Watson-Crick structures). This strategy was used to target the G4 of both pri-mir451a and pri-mir497.
For pri-mir451, an ASO targeting the first two the guanine runs was designed (see Fig. 1 ) in order to prevent G4 folding and thus increase the mature miRNA levels. Either the Anti-G4 ASO, or a control ASO which did not target the pri-miRNA, were co-transfected with the pri-miRNA overexpressing plasmid, and the mature miRNA levels were measured by qPCR (Fig. 4A ). The AntiG41 ASO was able to increase the endogenous mir451a levels, and to significantly increase overexpressed mir451a levels by 2 fold.
For pri-mir497, we designed an ASO targeting the strand complementary to the G4 in the pri-miRNA hairpin structure (see Fig. 1 ) in order to favour G4 folding and to thus increase mature miRNA levels. Either the Pro-G4 ASO, or a control ASO, which did not target the pri-miRNA, was co transfected with the pri-miRNA overexpressing plasmid and the mature miRNA levels were measured by qPCR (Fig. 4B) . Surprisingly, the Pro-G4 ASO led to a modest decrease in the endogenous mir497 levels and to a striking 30 fold decrease in overexpressed mir497 levels. One possible explanation for this is that the ASO disrupted the hairpin structure and/or prevented the microprocessor from binding to the pri-miRNA. Although this is the opposite of the expected effect, it could still be clinically relevant as in glioma a high level of mir497 is associated with apoptosis inhibition and drug resistance [33] .
Other pri-miRNAs have potential G4 that could affect their processing
Our results indicate that G4 can have either a positive or a negative effect on pri-miRNA processing. In order to see how widespread this phenomenon is, we used the recently developed G4RNA screener [34] , which combines three different G4 predictors, to scan all 2007 annotated human pri-miRNAs for potential G4 located near the Drosha cleavage site (see Methods for the details). Using the optimal threshold (4.4 for cG/cC, 0.9 for G4Hunter and 0.5 for G4NN) determined with the G4RNA database [35] in order to maximise both sensitivity and specificity, we found 182 unique pri-miRNA with at least one window of 60-nts scored positive by all of the three predictors, while 727 unique pri-miRNA with at least one window scored positive by at least one of the predictors (Fig. 5A) . Surprisingly, of the three pri-miRNAs that we tested, only pri-mir200c was a positive hit in this screening, and it was only positive for G4NN prediction. Since we showed that the G4 in both primir451a and pri-mir497 have an effect on pri-miRNA processing, but were not found, we used less stringent threshold to increase sensitivity, even though it would also reduce specificity (to about 80%). Those thresholds were 4.2 for cG/cC, 0.65 for G4Hunter and 0.30 for G4NN, and they found 305 unique primiRNAs with at least one window scored positive for all of the three predictors and 1009 unique pri-miRNAs with at least one window scored positive by at least one of the predictors (Fig. 5B) . Interestingly, all three pri-miRNAs studied were positive hits with G4NN, while both pri-mir451a and pri-mir497 were positive hits with G4Hunter as well. Depending on the stringency of the screen, between 9% (strict threshold, positive for all three predictors) and 50% (sensitive threshold, positive for at least one predictor) of all 2007 pri-miRNAs were predicted to have a sequence able to fold into a G4 and thus possibly affect pri-miRNA processing. The complete list of unique pri-miRNA hits, and the score for each window scanned, is available in Supplementary File 1.
Discussion
In this study, we have shown that the pri-miRNA of three miRNAs, mir200c, mir451a, and mir497, contain a sequence capable of folding into a G4 structure. Mutation of the G4 led to significant changes in mature miRNA levels. To our knowledge, this is the first report of such a function for RNA G4. Interestingly, G4 mutation led to a decrease in the miRNA levels for both mir200c and mir497, while it led to an increase in the miRNA level for mir451a. This difference could be explained by multiple factors. The stability, loops length, and position of the G4 relative to the Drosha cleavage site (upstream or 
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downstream, distance from the cleavage site, etc.) could all possibly dictate the effect that the G4 will have on the pri-miRNA processing. Furthermore, the sequences flanking the G4 can alter its function. Indeed, Bhattacharyya et al. have shown that known translation repressing RNA G4 can be inserted into the human VEGF 5 0 UTR replacing the endogenous G4 domain that is essential for IRES-mediated translation, and that he G4 dependent IRES mediated translation is maintained [36] . In addition, introducing known translation enhancing G4 into the MT3-MMP 5 0 UTR led to a decrease in translation. The authors concluded that it is not the G4 by itself, but the G4 and the surrounding sequences that determine the effect on translation. It is possible that a similar effect is occurring with the G4 regulating pri-miRNA processing. Another possible explanation is the variation in the proteins composing the microprocessor complex. Drosha and Dgcr8 are the main components of the complex, but various other proteins, such as helicases, RNA binding proteins and hnRNPs, can also be part of it [37] . It has been shown that the proteins presence in the complex will vary depending on multiple conditions, including: the identity of the pri-miRNA processed [8] , various stresses [38, 39] , development [6] , and cancer [40] [41] [42] . How these various proteins interact with, bind to, or even unfold the G4 might in turn impact how the G4 influences the processing. Given the high prevalence of G4 in pri-miRNAs according to our screens, it will be very interesting to see not only how different G4 influence the processing of different pri-miRNAs, but also what are the actual proteins involved in this regulation.
Interestingly, the three G4 tested here were not very stable, as they were only detected by our in vitro methods in the presence of a ligand. That said, mutations that prevent their folding had significant impacts on the mature miRNA levels. Folding into the appropriate three-dimensional structure is critical for efficient pri-miRNA processing [43] . There are probably dynamic shifts between G4 and hairpin folding. Therefore, in terms of G4 stability and pri-miRNA processing, maybe less is more, that is to say the less stable G4 are better suited for dynamic folding regulation.
Finally, as a proof of concept, we have shown that it is possible to influence mature miRNA levels with short ASO binding to the pri-miRNA. For pri-mir451a, the ASO was designed to prevent G4 folding and its use led to an increase in the miRNA level. For pri-mir497, the ASO was designed to favour G4 folding, but surprisingly its use led to a decrease in miRNA level, probably in a G4 independent manner. This indicates that primiRNAs that do not have a G4 could potentially be targeted with ASO as well. Given that in many cancers it is the processing, rather than the expression of the pri-miRNAs that is deregulated [41, 42, 44] , influencing the processing with ASO may be an interesting therapeutic approach. Furthermore, we used only 2 0 OMe modified ASO, but many more chemical modifications are easily available [45] . Optimisation of the chemical modifications could potentially lead to better modulation of the pri-miRNA processing.
Material and methods

RNA synthesis
All RNA molecules used were synthesized by in vitro transcription using T7 RNA polymerase as described previously [46] . Briefly, two overlapping oligonucleotides (2 mM each, see Table S1 for the sequences) were annealed and double-stranded DNA was obtained by filling in the gaps using purified Pfu DNA polymerase in the presence of 5% dimethyl sulfoxide (DMSO). The double-stranded DNA was then ethanol-precipitated, washed with 70% ethanol and air-dried. The resulting DNA templates contained the T7 RNA promoter sequence followed by the pri-mir sequence. After dissolution of the polymerase chain reaction (PCR) products in water to a final concentration of 2¡5 mM, the transcription reactions were performed for 2 h at 37 C in the presence of purified T7 RNA polymerase (10 mg) and pyrophosphatase (0.01 U, Roche Diagnostics) in a buffer containing 80 mM HEPES-KOH pH 7.5, 24 mM MgCl 2 , 2 mM spermidine, 40 mM DTT, and 5 mM of each NTP in a final volume of 100 mL. Upon completion, the reaction mixtures were treated with 2 mL RQ1 RNase-free DNase (Promega) at 37 C for 15 min, and the RNA were then Figure 5 . Screening for pri-miRNAs possessing a G4. Venn diagrams of the number of pri-miRNAs predicted to harbor a G4 sequence by the three different predictors with either optimal (A) or high sensitivity (B) thresholds.
purified by phenol/chloroform extraction and ethanol precipitation. The resulting pellets were dissolved in 1:2 ratio of water to loading buffer (95% formamide, 10 mM EDTA, pH 8.0, 0.025% bromophenol blue). These samples were then fractionated through 8% denaturing polyacrylamide gels (PAGE, 19:1 ratio of acrylamide to bisacrylamide) in buffer containing 45 mM Tris-borate pH 7.5, 8 M urea, and 2 mM EDTA. The reaction products were visualized by ultraviolet (UV) shadowing. The bands corresponding to the appropriate sizes were cut out, and the transcripts were eluted overnight in elution buffer (500 mM ammonium acetate, 10 mM EDTA, and 0.1%SDS).
The eluted transcripts were then ethanol precipitated, dried, and dissolved in 50 mL of water. The RNA was then quantified by absorbance at 260 nm. 0 -endradiolabelled using 3 U of T4 polynucleotide kinase (USB Corp) for 1 h at 37 C in the presence of 3.2 pmol of [a-32 P] ATP (6000 Ci/mmol; New England Nuclear) in a final volume of 10 mL. The reactions were stopped by the addition of 20 mL of formamide dye buffer (95% formamide, 10 mM EDTA, and 0.025% bromophenol blue), and the RNA or DNA was then purified by 10% polyacrylamide gel electrophoresis. The bands of the appropriate sizes containing the 5 0 -end-labelled RNA/DNA were excised and recovered as described above except that the detection was performed by autoradiography.
Reverse transcriptase stalling (RTS) assays
Purified RNAs (5 pmol) were mixed with radio-labelled primer (5 pmol) in a 5 mL volume of buffer containing 20 mM TrisHCl pH 7.5, 150 mM of either LiCl or KCl, 1 mM dithiothreitol and 1 mM of ligand (cPDS or Phen DC3). The samples were heated to 65 C and were then slowly cooled to room temperature in order to favor G4 folding. Afterwards, 4 mM MgCl 2 and 5 mM dNTP were added to a final volume of 10 mL. The samples were then incubated for 5 min at 35 C. Superscript III reverse transcriptase (100 Units, Thermo Fisher) was then added and the samples were incubated at 50 C for 60 min. The RNA was then degraded by the addition of 2 mL of 2 N NaOH and 10 min incubation at 95 C. Twenty microliters of formamide loading dye were then added and samples separated on an 8% polyacrylamide gel. A reaction in the presence of 5 or 10 mM ddCTP, depending on the RNA, was also performed in order to identify the guanine positions.
Cell culture and pri-miRNA overexpression assays
The pEZY miExpress TM Precursor miRNA Expression plasmids (GeneCopoeia) were used to over express the primiRNAs. The Q5® Site-Directed Mutagenesis Kit (New England BioLabs) was used to generate the G/A mutants (See Table S1 for the primers sequence). HEK293 cells were cultured in 100 mm petri dishes (Sarstedt) in Dulbecco's Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and 1 mM sodium pyruvate (all purchased from Wisent). The cells were kept at 37 C in a 5% CO 2 atmosphere in a humidified incubator.
For transfection, the cells were seeded in 6-well plates (Sarstedt) at a density of 500 000 cells/well. Each well was transfected with 2.5 mg of pEZY plasmid using 2.5 mL of lipofectamine 2000 (Life Technologies) per well and OPTI-MEM media (Life Technologies) according to the manufacturer's protocol. For the ASO transfections, 5 mg of 2 0 O-methyl (2 0 OMe) oligonuclucleotide were added to 1.25 mg of plasmid DNA, and 10 mL/well of lipofectamine were used instead.
Quantitative PCR
Forty-eight hours after transfection, the small RNAs were extracted from whole cells using the miRVANA tm microRNA isolation kit (Ambion) according to the manufacturer's protocol. RNA integrity and concentration were assessed using a Qubit® 2.0 Fluorometer (Invitrogen) with the Qubit® micro-RNA Assay Kit (Life Technologies). Reverse transcriptions were performed using 25 ng of RNA with Maxima Enzyme Mix (Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific)), stem-loop RT specific primer, dNTPs (Roche Diagnostics), and 10 U of RNAseOUT (Invitrogen) following the manufacturer's protocol in a total volume of 10 mL. All forward and reverse primers, as well as taqman probes were individually dissolved to a 20-100 mM stock solution in 10 mM Tris-EDTA buffer (IDT). The Quantitative PCR (qPCR) reactions were performed in a final volume of 10 mL in 384 well plates on a CFX-384 thermocycler (BioRad) with 0.2 U of Platinum Taq polymerase (Invitrogen), 1.2 mM taqman probe, 1.5 mM forward specific primer, 0.7 mM reverse universal primer, 1X Buffer Taq 10x, 200 mM dNTPs, 1.5 mM MgCl 2 and 3 mL of diluted (1:20) RT reaction. The following cycling conditions were used: 10 min at 95 C; 40 cycles: 15 sec at 95 C, and 60 sec at 60 C. The relative expression levels were calculated using the qBASE framework [47] , and the housekeeping genes used were mir16, mir142, and Let-7a. The primers were designed as described previously [48] using the miRBase miRNA database [49] . Primer validation was evaluated as described elsewhere [50] . In every qPCR run, both a no-template and a no-RT controls were performed for each primer pair, and these were consistently negative. All primers sequence are shown in Table S1 .
Statistical analysis
t-tests were performed using GraphPad Prism 6.0. The means and standard errors were calculated from either 2 or 3 replicates.
Screening of the pri-miRNAs for G4
All human pre-miRNAs chromosomic positions were retrieved from the mirbase [49] . Fifty nucleotides were added on each side (in order to roughly include a normally sized G4), and the G4RNA screener [34] was used with a 60-nts window moving with 10 nts increments along the sequence. The stringent thresholds were set as >4.4 for the cG/cC score, >0.9 for G4Hunter, and >0.5 for G4NN. The sensitive thresholds were set as >4.2 for the cG/cC score, >0.65 for G4Hunter, and >0.3 for G4NN. Each pri-miRNA with at least one window above these thresholds was considered a positive hit. 
